Continuous-variable Gaussian cluster states are a potential resource for universal quantum computation. Here we report on the optical generation and theoretical verification of three different kinds of four-mode continuous variable cluster states.
Introduction
Of the two conceptually different models for quantum computation, the one-way quantum computation model [1] is an alternative to the standard circuit model. A combination of prepared entangled states, referred to collectively as a cluster state, can be used to help realise one-way quantum computations. Through measurements alone on the cluster state, quantum information may be processed. Universal quantum gates may be created by selecting different measurement bases and by using the process of feed forward.
In this work, Continuous -variable (CV) cluster states are created by combining beams of off-line squeezed light at beam splitters [2] . Quantum information may then be encoded onto optical modes of the light, and manipulated via measurements [3, 4] .
The quadrature correlations of cluster states are such that in the limit of infinite squeezing, the states become zero eigenstates of a set of quadrature combinations,
Here and ̂ correspond to the position and momentum operators respectively, for an optical mode a with annihilation operator ̂ . Cluster states may be thought of as graph states, with the vertices of the graph G being the modes . The modes are the nearest neighbours of mode a. Three types of four-mode cluster states were created in this experiment (see Fig.1 ): a linear cluster state, a square cluster state, and a T-shaped cluster state (shown left to right). 
Experimental Method
The schematic of our optical setup is shown in Fig. 2 . Four squeezed vacuum states are created from Optical Parametric Oscillators (OPOs) by parametric down conversion. These are then combined with three beam splitters: one 20% transmittance and two half beam splitters (HBS) in the generation of the linear cluster state; three HBS in the generation of the T-shaped cluster state. 90° and 90° rotations in phase space are represented in the schematic by boxes containing and -respectively. Four homodyne detection setups are used to measure the output, and the variances are obtained from a spectrum analyser which receives the electronically combined signals from the homodyne detectors.
Results
The measured variances of the squeezed levels all lie in the range of between 4.9db 0.2db and 6.0db 0.2db . The correlations given in equation (1) are proportional to the squeezing levels of the variance measurements and this relation is utilised in the verification of the creation of the cluster states.
There are several ways for constructing observables for detecting the presence of multi-party entanglement in the regime of CV multi-mode states [5, 6] . The method chosen in this work is described in Ref. [5] , and together with our experimental results we obtain a set of sufficient conditions which verify the full inseparability of a multi-mode state.
The corresponding inequalities to be satisfied for the linear cluster state and consequently the square cluster state are as follows 
For the T-shape cluster state, the inequalities are as follows
The measured variances are found to simultaneously satisfy the above inequalities and thus the full inseparability of the cluster states is verified.
Conclusions
We have demonstrated the optical generation of three different types of CV four-mode cluster states. The measured variances of the cluster states were used in order to theoretically verify the full inseparability of the cluster states.
